Abstract The higher-order structure of G protein-coupled receptors (GPCRs) in membranes may involve dimerization and formation of even larger oligomeric complexes. Here, we have investigated the organization of the prototypical GPCR rhodopsin in its native membrane by electron and atomic force microscopy (AFM). Disc membranes from mice were isolated and observed by AFM at room temperature. In all experimental conditions, rhodopsin forms structural dimers organized in paracrystalline arrays. A semi-empirical molecular model for the rhodopsin paracrystal is presented validating our previously reported results. Finally, we compare our model with other currently available models describing the supramolecular structure of GPCRs in the membrane.
Introduction
The G protein-coupled receptor (GPCR) superfamily consists of three mammalian subfamilies (named A^C) that activate speci¢c subtypes of trimeric G proteins [1, 2] . Only the crystal structure of rhodopsin, a member of subfamily A, has been elucidated [3] . The rhodopsin structure serves as a template for the molecular architecture of GPCRs, since the transmembrane segments of these receptors are highly homologous [1, 4] including the least conserved members of subfamily C [5] . Other components of the G protein-signaling machinery have conserved structures as well: the high-resolution structures of G proteins (G tK , G i1K , and G sK ) and proteins that interact with GPCRs, i.e. arrestins (visual arrestin, L-arrestin 1 and L-arrestin 2), show only small structural variance (reviewed in [6] ). For example, the crystal structures of the non-visual arrestins, L-arrestin 2 and L-arrestin 1, di¡er from each other by an K-carbon root-mean-square deviation of 1.2 A î and 1.8 A î , respectively. These observations suggest that the mechanistic model of the G protein activation by GPCRs and the arrestin-mediated desensitization process must be conserved as well.
How GPCRs operate is one of the most fundamental questions in the ¢eld of transmembrane signal transduction. A growing body of pharmacological, biochemical and biophysical data strongly suggests that these receptors form functional homo-and heterodimers as well as higher-order oligomers [7^16] . Among the three subtypes of GPCRs, the issue of dimerization for type C is clearly set. Type C GPCRs form dimers by covalent linkage of disul¢de bonds at their extracellular N-terminal domains, e.g. the metabotropic glutamate receptor [17] , or by strong non-covalent, intermolecular interactions [18] , e.g. two obligatory Q-aminobutyric acid (GABA) receptor subtypes [19^22] . For family A, mutant GPCR-G protein fusions where either G protein or the receptor had been speci¢cally deactivated demonstrate that this class of receptors operates through transactivation [23] . Results from the disul¢de-trapping approach provide a new data set for a molecular model of the interfacial surfaces in the complex [24, 25] . The contact sites for homodimeric dopamine D 2 receptors involve helices IV [25, 26] . In other disul¢de-trapping studies of the C5a receptor, individual cysteines placed in either intracellular (IC) loop IC-1, IC-2, or the C-tail could mediate speci¢c crosslinking. These results favor a symmetric dimer involving an interface between helix I (H-I) and H-II or H-IV [24] ; however, no single dimer model explains all the observed crosslinks suggesting that C5a receptors form higher-order oligomers (e.g. clusters of dimers). Bioluminescence and £uorescence resonance energy transfer techniques have revealed the existence of adenosine A 2A (A 2A R)^dopamine D 2 receptor (D 2 R) heterodimers in living cells. As interaction sites between D 2 R and A 2A R, helix H-V and/or H-VI and the N-terminal portion of the intracellular loop IC-3 from D 2 R were found in the vicinity of H-IV and the C-terminal portion of the C-tail from A 2A R [27] . CXCR2 forms constitutive oligomers when expressed in HEK cells and in native neurons. The crucial region involved in CXCR2 oligomerization may involve H-III [28] . The GXXXG motif in H-I of the K-factor receptor is similar to the transmembrane dimerization domain of glycophorin A and appears to mediate the oligomerization of the K-factor receptor and other GPCRs [29] . The signi¢-cantly larger size of G proteins relative to the cytoplasmic surface of GPCRs supports the idea that the activating platform for G proteins is the dimeric form of the receptor [30, 31] . In fact, dimeric leukotriene B 4 receptor and trimeric G protein form a pentameric complex [32] . Oligomerization of GPCRs may not only be essential for binding and activation of G proteins, binding of receptor kinases and arrestins, but may also be involved in internalization processes [33, 34] . Recent in vivo studies clearly demonstrated that the yeast Kfactor receptor, the CCR5 receptor and the C5a receptor oligomerize during biogenesis [29, 35, 36] .
For decades the concept of how rhodopsin functions in the disc membrane of retinal rod outer segments (ROS) has been dominated by the hypothesis that rhodopsin rapidly di¡uses as a monomeric unit in the £uid membranes which are mostly composed of highly unsaturated phospholipids to encounter the membrane-associated G protein transducin [37] . This view was supported by biophysical measurements of rhodopsin diffusion and rotation in disc membranes, as well as low-resolution neutron di¡raction, mostly carried out in amphibian photoreceptors [38^41]. In most of these studies, photoactivation of rhodopsin did not a¡ect the results. From this concept a uniform distribution of the proteins in disc membranes would be expected. However, recent studies demonstrate the existence of detergent-resistant membrane (DRM) microdomains in ROS and therefore a non-uniform distribution of lipid and protein. After light-bleaching of ROS, a large fraction of transducin, the RGS9-1^Gb5L complex, and the p44 isoform of arrestin translocate to DRM rafts [42, 43] . In addition, the cholesterol-binding protein caveolin-1 and the G tK subunit of transducin were also shown to co-localize in such membrane rafts [44] . Thus, alternative interpretations of the early biophysical results [37^41] may be appropriate.
We have visualized rhodopsin molecules in their native environment by atomic force microscopy (AFM). These AFM experiments were performed under physiological conditions, i.e. in bu¡er solution, at room temperature and under normal pressure, without the application of any modi¢cation to rhodopsin that may a¡ect its native oligomeric state. We demonstrated that mouse rhodopsin forms dimers and oligomers in native disc membranes [45] and proposed a semi-empirical model for its molecular assembly [46] . The size and geometry allowed the perfect ¢t of G protein and arrestin on the platform provided by the rhodopsin dimer [46] . The observed crystalline packing was independent of the support, including mica, carbon ¢lm and another disc membrane. Furthermore, data obtained by quick-freezing electron microscopy (EM) on the structure of photoreceptor membranes from Drosophila compound eyes [47] support our results from AFM. In this EM study, particles formed regular rows about 10 nm in width on the cytoplasmic surfaces, demonstrating the regular arrangement of rhodopsin molecules in invertebrate photoreceptive membranes. The highly ordered alignment of rhodopsin was also demonstrated for photoreceptors from cephalopod invertebrates by Saibil and Hewat [48] . For vertebrate photoreceptors, recent studies by freeze-etching EM provide evidence of similar crystalline domains in bovine ROS plasma membranes [49] .
Rhodopsin has the propensity to form higher-order structures, i.e. two-dimensional (2D) crystals (see [50] for the most recent study). Schertler and colleagues produced 2D crystals of frog rhodopsin by extraction of ROS with Tween detergents [51] . In the p2 crystal form, molecules were unidirectionally oriented and formed contacts between their H-I helices, and between H-IV and H-V along the long unit cell axis [51] . Interestingly, the measured lattice parameters for this p2 crystal form were almost identical to those reported previously for paracrystals of mouse rhodopsin in native disc membranes [45, 46] . Both crystals (from mouse and frog) contain a dimer in their unit cell and have the molecules oriented unidirectionally in the membrane, thus as expected for rhodopsin in a physiological con¢guration. Squid rhodopsin, digested with endoproteinase Glu C, also forms highly ordered 2D crystals consisting of alternating rhodopsin dimer rows exposing the cytoplasmic or the intradiscular surface [52] . In contrast to frog rhodopsin [51] , dimers along such rows form symmetrical intradimeric contacts between H-IV, and interdimeric interactions involving the docking of H-8 onto the intracellular loop IC-2 or IC-3 [53] . Based on these interactions and the recent disul¢de crosslinking and truncation mutation experiments with the dopamine D 2 receptor [25, 26] , a second model for the dimeric and oligomeric state of a group A GPCR was established [25, 54] .
The observed packing arrangement of rhodopsin and opsin in native disc membranes [45, 46] might be arti¢cially induced by the segregation of protein and lipid at low temperatures [55] (see also [56] ). To examine this possibility and to ensure that our previous observations were not a temperature-induced artifact, we have prepared native disc membranes at room temperature throughout, and recorded electron micrographs and AFM topographs. Dimerization and higher-order organization of rhodopsin was again observed in these native membranes. Finally, we generated a computational model of a rhodopsin dimer based on the ¢ndings by Guo et al. [25] and Lee et al. [26] who propose the intradimeric interface of two D 2 Rs to be formed by helices IV. The dimer model was further expanded to an oligomer model (model IV) as proposed by Lee et al. [54] and using structural data from squid rhodopsin [52, 53] . We have previously proposed a model (model IV-V) for the higher-order structure of rhodopsin in the native membrane. Model IV-V involves intradimeric contacts through helices H-IV and H-V, whereas contacts mainly between helices I and II, and the cytoplasmic loop connecting helices H-V and H-VI facilitate the formation of rhodopsin dimer rows. In contrast to model IV-V where the distances of the rhodopsin molecules in the paracrystal agree with the data obtained from transmission electron microscopy (TEM) and AFM, model IV produces distances that are too large compared to our experimental results. The work presented here further validates our model IV-V as the arrangement of rhodopsin and possibly other GPCRs in the native membrane.
Materials and methods

Animals
All animal experiments employed procedures approved by the University of Washington Animal Care Committee and conformed to recommendations of The American Veterinary Medical Association Panel on Euthanasia. Wild-type C57BL/6 mice were obtained from the Jackson Laboratory. All animals (4^8 weeks old) were maintained in complete darkness for more than 60 min before they were killed. The eyes were removed and the retinas isolated under complete darkness with the aid of night vision goggles (LAMBDA 9 UV/VIS/NIR ¢lter (transmittance s 560 nm), ITT Industries, VA, USA).
Isolation of rod outer segments
Twelve mouse retinas were placed in a tube with 120 Wl of 8%
OptiPrep (Nycomed, Oslo, Norway) in Ringer's bu¡er (130 mM NaCl, 3.6 mM KCl, 2.4 mM MgCl 2; 1.2 mM CaCl 2 , 10 mM HEPES-NaOH (pH 7.4), and 0.02 mM EDTA) and vortexed at maximum speed for 1 min. The samples were centrifuged at 200Ug for 1 min, and the supernatant containing the ROS was gently removed. The pellet was dissolved in 120 Wl of 8% OptiPrep, vortexed and centrifuged again. The vortexing and sedimentation sequence was repeated six times. The collected ROS supernatant (V1.5 ml) was combined and overlaid on a solution of 10^30% continuous gradient of OptiPrep in Ringer's bu¡er. The samples were centrifuged for 50 min at 26 500Ug. ROS were harvested as a second band (about two thirds from the top), diluted three times with Ringer's solution, and centrifuged for 3 min at 500Ug to remove the cell nuclei. The supernatant containing ROS was transferred to a new tube and centrifuged for 30 min at 26 500Ug. The pelleted material contains pure, osmotically intact ROS. The described isolation of ROS was performed at temperatures between 20 and 25 ‡C.
Isolation of disc membranes
ROS were disrupted osmotically in 2 ml of 2 mM Tris^HCl (pH 7.4) for 15 h, and the discs were isolated employing a 15^40% continuous gradient of OptiPrep in Ringer's bu¡er. The sample was centrifuged for 50 min at 26 500Ug, and the discs were collected from a faint band located about two thirds from the top of the gradient. The intact discs were harvested, diluted three times with Ringer's solution, and pelleted for 30 min at 26 500Ug. The described isolation of disc membranes was performed at temperatures between 20 and 25 ‡C.
TEM of ROS
ROS were ¢xed in 2.5% glutaraldehyde/1% OsO 4 /0.13 M sodium phosphate bu¡er (pH 7.4), for 1 h, washed three times using TEM rinsing bu¡er (0.13 M NaH 2 PO 4 , 0.05% MgCl 2 (pH 7.4)) and collected by centrifugation at 16 000Ug for 3 min. ROS pellets were suspended in molten 5% phosphate-bu¡ered low-temperature-gelling agarose solution, collected by centrifugation at 16 000Ug for 3 min and cooled. The ROS pellets were secondarily ¢xed with 1% OsO 4 in 0.1 M sodium phosphate bu¡er (pH 7.4), dehydrated with ethanol, and embedded in Eponate12 Resin (Ted Pella, CA, USA). Ultrathin sections (70 nm) were cut and stained with uranyl acetate and lead citrate solution. Electron micrographs were recorded with a Philips CM-10 TEM.
TEM and image processing of negatively stained disc membranes
Isolated discs were adsorbed to glow-discharged carbon support ¢lms mounted on EM grids and negatively stained with 0.5% uranyl acetate. Electron micrographs of disc membranes were recorded with a Hitachi H-7000 electron microscope operated at 100 kV. Single power spectra of electron micrographs and averages of several power spectra were calculated with the SEMPER image processing system [57] .
Sample preparation for tapping and contact mode AFM
For the tapping mode AFM experiment in air (see Fig. 1 ), 70 nm ultrathin sections of ROS were deposited on freshly cleaved mica and dried (see Section 2.4). For the contact mode AFM experiment in liquid, washed disc membranes were adsorbed to freshly cleaved mica in 2 mM Tris^HCl (pH 7.4) for 15^20 min and washed with 20 mM Tris^HCl (pH 7.8), 150 mM KCl, 25 mM MgCl 2 (imaging bu¡er).
Tapping and contact mode AFM
Tapping and contact mode AFM measurements were performed with a Nanoscope IV multimode AFM (Veeco/Digital Instruments, Santa Barbara, CA, USA) equipped with a 690 nm wavelength laser diode and an E-scanner (scan range up to 13 Wm). For tapping mode AFM in air rectangular silicon cantilevers of 160 Wm length and a nominal resonance frequency of 300 kHz (OMCL-AC160TS; Olympus, Tokyo, Japan) were used. These were excited slightly below their free resonance frequency. Two frames of 512 by 512 pixels were recorded simultaneously showing height and amplitude signals at scan frequencies below 2 Hz. For contact mode AFM in liquid oxidesharpened silicon nitride probes on V-shaped micro-cantilevers of 100 and 200 Wm length, and nominal spring constants of 0.06 and 0.32 N/m (NP-S; Veeco/Digital Instruments) were used. Two frames of 512 by 512 pixels (scan frequency 4.7 Hz) in trace and retrace direction were recorded simultaneously showing height and de£ection signals. AFM images in contact mode were acquired at minimal loading forces.
Modeling
The presented model IV-V of rhodopsin in its oligomer state is based on the 1N3M Protein Data Bank entry (see [46] for details on the modeling of 1N3M). Model IV was built as described [46] considering the biochemical and structural information of [25,26,525 4] . In both models, phospholipids (dipalmitoyl phosphatidylcholine) were inserted between rhodopsin monomers, and optimized by molecular dynamics followed by energy minimization with rhodopsin monomers frozen to their initial positions. Next, the complex of six rhodopsin monomers was subjected to several steps of short molecular dynamics followed by energy minimization to remove disallowed contacts. Favorable interactions were created during 10 ps molecular dynamics. No water was considered. The distances between the rhodopsin monomers in the paracrystal of model IV-V remained unchanged after addition of phospholipids and model optimization.
Results and discussion
AFM and TEM of ultrathin sectioned ROS
AFM allows imaging of biomolecules in bu¡er solutions and it also provides images of superb clarity exhibiting a vertical resolution of þ 2 A î . When calibrated with the TEM, lateral dimensions measured in AFM topographs are accurate to þ 2 A î as well (see [58] for a recent review on AFM). Here, we demonstrate another application of the AFM. Thin sections of isolated ROS ¢xed and embedded in Eponate12 resin were imaged by tapping mode AFM in air (Fig. 1A,B) and TEM (Fig. 1C) . In all three, the AFM height and amplitude images as well as the TEM micrograph, wellorganized disc membranes were apparent with a lamellar spacing of about 35 nm. This value was measured from the calculated power spectra of the corresponding image (see Fig.  1, insets) . In Fig. 1C , arrow, the plasma membrane enveloping the discs can clearly be discerned.
3.2. TEM and AFM of disc membranes isolated at room temperature In our previous studies, ROS disc membranes were isolated at temperatures between 0 and 5 ‡C [45, 46] . To investigate whether low temperatures cause segregation of lipid from rhodopsin, and therefore disruption of the native organization of rhodopsin, disc membranes from mice were isolated at room temperature.
Isolated disc membranes were adsorbed on carbon-coated EM grids, negatively stained and inspected by TEM. Discs had a circular shape with diameters of 0.8^1.5 Wm. Fig. 2A shows the morphology of an intact disc adsorbed on carbon ¢lm. Power spectra (Fig. 2B ) calculated from areas on the disc membrane, e.g. broken circle (1), revealed a di¡use ring at V(4.5 nm) 31 indicating paracrystallinity of rhodopsin in the native membrane. As a negative control, power spectra from regions on the carbon ¢lm, e.g. broken circle (2), were calculated, but no di¡raction was apparent.
Native disc membranes were adsorbed to mica and imaged by AFM in bu¡er solution. Fig. 3A displays an overview topograph of an open, spread-£attened disc recorded at low magni¢cation. Four di¡erent surface types are discerned: the rhodopsin surface (types 1 and 2), lipid (type 3) and mica (type 4). From height pro¢les such as that shown in Fig.  3B , heights of 3.68 þ 0.14 nm and 7.96 þ 0.24 nm above the mica surface were measured for domains of bare lipid (Fig.  3A, type 3 ) and of densely packed rhodopsin molecules (Fig.  3A, types 1 and 2) , respectively. The thickness of the latter indicated that the disc membrane in Fig. 3A was single-layered, opened by the osmotic treatment (see Section 2). As observed previously [46] , two di¡erent types of rhodopsin domains were identi¢ed: large uniform paracrystals (Fig. 3A , type 1) and rafts of smaller rhodopsin paracrystals separated Fig. 2 . EM of negatively stained native disc membranes adsorbed on carbon ¢lm. A: Morphology of a native disc membrane from mouse isolated at room temperature and never exposed to low temperatures. B: Average of six power spectra calculated from regions on the displayed disc membrane, e.g. area marked by the broken circle (1). Powder di¡raction is evident indicating paracrystallinity of the disc. C: Average of six power spectra calculated from regions on the carbon ¢lm, e.g. area marked by the broken circle (2) . No powder di¡raction is evident. by lipid (Fig. 3A, type 2) . Topographs recorded at higher magni¢cation (Fig. 3C, inset) unveiled rows (arrow) of rhodopsin dimers (arrowheads) forming the paracrystal identifying rhodopsin dimers as building blocks. From such crystalline areas the lattice parameters were determined: a = 8.2 þ 0.2 nm, b = 3.9 þ 0.1 nm, Q = 84 þ 2 ‡ (n = 7), in good agreement with previous measurements [45, 46] .
3.
3. Molecular models of rhodopsin arrangements in disc membranes Knowledge of the organization of functional GPCR dimers in native membranes is essential to understand how interacting proteins dock on the surface of these receptors. Our initial model of rhodopsin in its oligomeric state [46] (Protein Data Bank, identi¢er 1N3M) was further re¢ned. Phospholipids were inserted and optimized by molecular dynamics followed by energy minimization (see Section 2) . Distances between rhodopsin monomers were una¡ected by the addition of phospholipids. The ¢nal model (model IV-V) for the rhodopsin dimer and oligomer is shown in Fig. 4 and all amino acid residues involved in contacts are listed in Table 1 . The distances in the model are in agreement with the experimental data from TEM and AFM.
An alternative dimer model was formulated based on the results from disul¢de crosslinking [25] and truncation mutation [26] with the dopamine D 2 receptor that unveiled H-IV as the dimer interface (see Fig. 5 ). In the former study [25] , the site of crosslinking in D 2 R was identi¢ed as Cys-168 4:58 (Ala-169 4:58 in rhodopsin) at the extracellular end of H-IV. Throughout this paper, we indexed amino acid residues based on the bovine opsin sequence and the universal indexing (as superscript) of GPCRs [59, 60] . We have built a computer model (model IV) for a rhodopsin paracrystal containing the D 2 R dimer con¢guration and the protein^protein interactions of the physiologically oriented dimers in the squid rhodopsin 2D crystal [52^54]. As for model IV-V, model IV was optimized by molecular dynamics followed by energy minimization (see Section 2). Molecular dynamics was fundamental to obtain the contacts between unidirectionally oriented rhodopsin dimer rows since this information was not available from the squid rhodopsin 2D crystal [52, 53] . The interdimeric contacts in model IV are achieved by interaction of H-8 with the ends of helices III and V. The intradimer distance between rhodopsin monomers is 35 A î and between dimers 45 A î (Fig.  5 ). For comparison, the intradimer distance in model IV-V and that between rhodopsin dimers in rows is 38 A î for both. In model IV, the distance between double rows, e.g. horizontal distance from one yellow to the next yellow monomer in Fig. 5 , is V77 A î , compared to 84 A î in model IV-V. The distance of 77 A î (model IV) is inconsistent with the distance of 84 A î obtained from TEM and AFM. The interaction between double rows in model IV is achieved by the £exible and elongated cytoplasmic loop IC-3 between the transmembrane helices H-V and H-VI (Fig. 5) .
Although the arrangement of GPCRs could be type-speci¢c and extrapolation of the data from one receptor to another may not be justi¢ed [61] , the interface involved in the interaction of partner proteins, G proteins, receptor kinases, and arrestins is likely to be preserved within this superfamily of transmembrane receptors. [62] . This observation has been con¢rmed by single cell recordings [63] . The absorption of light that leads to conformational change of photoactivated rhodopsin needs to be signi¢cantly ampli¢ed to evoke a change in the 'dark current' in photoreceptor cells that is ultimately coupled to changes in the neurotransmitter release from the photoreceptors to adjacent bipolar cells. In the ¢rst ampli¢cation step, photoactivated rhodopsin catalyzes nucleotide exchange on the K-subunit of G protein from GDP to GTP, a step that is repeated multiple times [64] . These observations and the fact that rhodopsin exists as a dimer according to our AFM experiments raise several questions that call for future experiments. Is one rhodopsin in the dimer su⁄cient for e⁄cient activation? What is the role of the individual rhodopsin molecules in the activation process and interaction with the G protein transducin? How will the activation of transducin change when there is a single or two photoactivated rhodopsin molecules in the dimer? Most importantly, the atomic structure of the rhodopsin^transducin and rhodopsin^arrestin complexes should be determined.
Although there are no direct answers to these questions, we can provide some possible interpretation based on the work on the dimeric GABA B receptor. This GPCR of subfamily C [4, 65, 66] forms a heterodimer consisting of two rhodopsin-like subunits (GB1 and GB2) [18,20^22] . Despite a signi¢cant homology between these subunits, only the N-terminal domain of GB1 binds GABA. Mutant receptor complexes with GB2 N-termini on both GB1 and GB2 subunits did not respond to GABA, whereas receptors with two GB1 N-termini showed increased basal activity and responded to GABA with inhibition, rather than activation of GIRK channels via G i [19, 67] . The authors suggested that this inhibition is a consequence of GABA binding to the N-terminal region of GB2 subunit, when the N-terminal domain of the GB2 subunit was replaced with the N-terminal region of the GB1 subunit. Moreover, receptors with reciprocal exchange of N-terminal domains between the subunits displayed wild-type phenotype. GB2 intracellular segments are solely responsible for speci¢c coupling of GABA B receptors to their physiologic e¡ectors, G i and G protein-activated K þ channels [67] . Therefore it is reasonable to speculate that one molecule of rhodopsin in the dimer is needed for the activation, while the second one provides a partial platform to dock subunits of transducin. It is unclear if activation of both rhodopsin molecules in the dimer is equal to the activation of only one molecule. If the activity of the doubly activated dimer is similar or lower than that of singly bleached rhodopsin in the dimer, such a property would contribute to light activation and disproportional desensitization of the visual system (non-linear relationship between the light intensity and the electrophysiological response). With this clearly testable model it will be possible to answer these emerging questions.
